Sub-Gauss magnetic fields are crucial for many physical processes from Galactic kpc scale to stellar Au scale, but are nontrivial to detect. All present magnetic diagnoses trace only one component of a magnetic field at best 1 . Here we report the first observational results that unveil 3D topology as well as the strength of a sub-milliGauss magnetic field beyond our solar system. We found that two weak neutral iron absorption lines from the ground state in the atmosphere of 89 Her produced counterintuitive high-amplitude polarizations and consistent polarization angles, exactly in line with the theoretical prediction from ground state alignment (GSA) 2 . Our analysis reveals the first sub-AU scale magnetic field on 89 Her, that is 1.3kpc away, has a 3D orientation aligned to the stellar outflow axis and a strength of 70µG B 150µG, thus substantially improving the accuracy by five orders of magnitude compared to the previous 10G upper limit set by
no universal magnetic tracer for sub-Gauss magnetic field in diffuse medium beyond our solar system. Even estimation of one component of magnetic field, i.e., the line-of-sight or plane-ofsky projection, is considered significant. Therefore it is important to search for novel magnetic tracers taking advantage of current facilities [5] [6] [7] [8] . While the Zeeman effect is centred about energy splitting, angular momentum redistribution is the only effect for atomic systems in weak magnetic fields and thus provides exclusive information on sub-Gauss magnetic fields. It was predicted a decade ago that polarization of absorption lines arising from Ground State Alignment can be a universal magnetic tracer for sub-Gauss magnetic fields as well as a direct tool for 3D magnetic field topology 2 . In contrast to grain alignment, GSA is an established physical phenomenon which has solid physical foundations and has been studied and supported by numerous experiments 9-13 . The alignment is in terms of the angular momentum of atoms and ions (hereafter "atoms" for simplicity). The optical pumping by anisotropic radiation aligns atoms by transferring the angular momentum from photons [14] [15] [16] . The atoms are magnetically realigned by fast precession as long as the Larmor precession rate ν L is larger than the pumping rate ν R .
The alignment is particularly suitable for weak sub-Gauss magnetic field since atoms have long life time in their ground states 21 . The resulting absorption lines from the aligned atoms/ions are polarized parallel or perpendicular to the magnetic field direction depending on the angle between the symmetry axis of the radiation and the magnetic field. In this letter, we report the first observational evidence of GSA, with which we demonstrate that GSA is a powerful tool is in tracing sub-Gauss magnetic field with current facilities .
The object is the photosphere of the post-AGB binary star 89 Her, a binary system 1.3kpc
away. Its magnetic field, although believed to be a crucial shaping factor for subsequent phases 20 . The absorption lines have two components: the rest-frame absorption component arising from the photosphere of the primary; and the red-/blue-shifted wing components strongly influenced by the emission from the polar outflow, which is ∼ 12
• from line of sight (see Figure 1 ). The polarization angles of 960 absorption lines show variability correlating with the secondary orbital phase, i.e., orthogonal to the primary secondary orientation, consistent with expectations from optical pumping (see Figure 2a) 3 . These are all strong absorption lines (with optical depth τ 0.6) from transitions among excited states.
Here we focus on the rest-frame component of photospheric lines. The absorption lines are weak with τ < 0.5 and therefore were not studied before. Two Fe I and three Ti I absorption lines from the ground states are identified with clear polarization signals (see Extended Data Table 1 for details). The polarizations of all these five lines differ from the optical pumping direction by 5σ (see Figure 2 and Extended Data Tables 2 & 3). The results for the five absorption lines unambiguously point to the magnetic precession as the primary cause for the deviation of polarization angles from the radiation directions. In particular, the polarization directions of the two Fe I remain unchanged through the secondary orbital phases, as shown in Figure 2b . Given the much longer lifetime of the atoms in the ground states, the only explanation to this intriguing phenomenon is that the magnetic precession dominates the photo-excitation rate in the ground states and therefore the polarization of these ground-state absorption lines unveils the magnetic field direction. This is the first observational evidence of GSA effect in the Universe.
Depending on the relative magnetic field strength, the magnetic influence on the ground state can be divided into two regimes 21 : GSA regime (ν L ν R ), where the magnetic precession dominates over optical pumping and the polarization direction follows magnetic field direction;
and ground level Hanle effect (ν L ∼ ν R ), where the magnetic precession rate is comparable to the optical pumping and the resulting polarization differs from either the optical pumping regime or GSA regime. The magnetic field strength in different regimes is compared to the optical pumping rates of the five absorption lines in Figure 3 . The pumping rates are obtained by analyzing the pumping condition in the extended radiation field of 89 Her (see Table 1 ) 22 . The three Ti I lines are in ground-level Hanle regime because their polarization angles are different from either case of the optical pumping and the magnetic alignment, as shown in Extended Data Table 3 . The lower and upper limits of magnetic field strength are thus obtained, 70µG B
150µG. The accuracy is increased by five decades compared to the previous 10G upper limit constrained by non-detection of the Zeeman effect.
The two magnetically aligned Fe I lines are further analyzed to acquire the magnetic field topology. The polarization directions of the two lines are aligned within 3σ error through all orbital phases, in line with theoretical expectation (see Figure 2b and Methods). Furthermore, the 90
• degeneracy is removed and the magnetic field is found to be parallel to the polarization direction, based on the comparison between observed degree of polarizations of the two Fe I lines and theoretical predictions (Methods). For multiplets arising from the same ground sublevel, the third dimension, i.e., the angle between the magnetic field and line of sight, can be generically expressed as:
where c 1 , c 2 are directly related to the degrees of polarization and optical depths of a doublet as shown in Equation (9) in Methods. Accordingly, the 3D magnetic field topology of 89 Her is retrieved (see Figure 1) .
Our results unambiguously disclose the first observational signature of GSA. This has allowed a direct determination of 3D field detection as well as its strength. The signal-to-noise ratio for the spectro-polarimetry of these ground-state absorption lines in this study can be achieved with reasonable exposure time by various existing observational instruments across the world, e.g., PEPSI, HARPS, HANPO. Our study offers the direct observable to fill in the long standing vacancy of the sub-Gauss magnetic field diagnoses that can be widely applied to multiple phase medium with radiation dominated excitations. GSA can be implemented with multi-frequency data ranging from UV to submillimeter to trace not only the spatial but also the temporal variations of magnetic field 23, 24 . This detection marks the onset of a new era in highprecision magnetic fields detection in deep universe and is expected to exponentially increase our knowledge on interstellar magnetism. 
Methods Observational data
Observed spectra consist of Stokes I, Q, U and null N Q, N U 25 . The null spectra control the presence of spurious contributions resulting from observations or from the data reduction procedure. Spectra are corrected for Doppler shift due to the orbital motion of the primary component. Stokes I is normalized to the local continuum. From Stokes Q and U , the polarization P is computed:
the null polarization N P :
and the polarization angle ξ:
with: 
Thus the mean and variance of the noise are provided by the Null spectrum of the lines. We analyzed the confidence level of the detected lines based on the PDF of signal P. The results are presented in Extended Data Table 1 .
Line-of-sight magnetic angle analysis
In earlier observational studies the polarization degree of atomic lines is only used to cal- 
where 
where σ 2 0 (J l ) is the alignment parameter on the lower level. For multiplets absorption lines from the same ground level, it is solely dependent on the sign of ω 2 J l Ju whether the polarization is parallel or perpendicular to the magnetic field direction. θ B is the angle between magnetic field and the line of sight.
is determined by the electron configurations of the transition J l → J u . From Equation (7), the ratio c can be expressed by the observables:
where the degree of polarization P is defined in Equation (2) .
The alignment parameter is the same for two transitions with the same ground level (J l → J u1 , J l → J u2 , with the configuration parameters ω u1 , ω u2 ). Therefore, the generic expression for the angle between line of sight and magnetic field θ B is obtained in Equation ( 
which satisfies the following conditions:
The resulting θ B and their 3σ variations in different phases are shown in Extended Table 2 . The positive and negative sign of σ 2 0 (J l ) correspond to the plane-of-sky magnetic field projection parallel or perpendicular to the observed polarization. This 90
• degeneracy is further discussed in the next paragraph.
Break the 90 • degeneracy
We obtain the value ranges of c 1 , c 2 by considering the 3σ fluctuation introduced by the Null signals. These value ranges are compared with the theoretical expection of c 1 , c 2 from Equation (11). The 90 • degeneracy can be broken based on the comparison at the phase 0.988. Figure 2 , the 3σ value range rectangle is only acceptable for the case σ 2 0 (J l ) > 0, i.e., B ⊥ ξ F eI . In addition, the resulting polarization angles of Fe I lines are within 21
As demonstrated in Extended Data
• for all orbital phases (see Figure 2) . The photospheric medium of 89 Her is axially symmetric and stable. Indeed, no significative variability in the equivalent widths of the line profiles is found from earlier study 3 . The field line is therefore unlikely to abruptly change its orientation by 69
• from phase to phase. We conclude that the plane-of-sky magnetic direction is parallel to the polarization direction throughout all the orbital phases. 
